Abstract. The relaxational dynamics in glass-forming glycerol and glycerol mixed with LiCl is investigated using different neutron scattering techniques. The performed neutron spin echo experiments, which extend up to relatively long relaxation time scales of the order of 10 ns, should allow for the detection of contributions from the so-called excess wing. This phenomenon, whose microscopic origin is controversially discussed, arises in a variety of glass formers and, until now, was almost exclusively investigated by dielectric spectroscopy and light scattering. Here we show that the relaxational process causing the excess wing can also be detected by neutron scattering, which directly couples to density fluctuations.
Introduction
The glass transition is one of the most fascinating mysteries in condensed matter physics. To understand the non-canonical increase of viscosity when a liquid becomes a glass, the investigation of molecular dynamics by scattering methods or dielectric spectroscopy (DS) is a common approach. Broadband susceptibility spectra obtained in this way reveal a complex variety of dynamic processes [1] [2] [3] [4] [5] . This includes the so-called α relaxation, which is the structural relaxation process governing the viscosity. In the imaginary part of the susceptibility χ (which corresponds to the loss ε in the dielectric case) usually it shows up as a prominent peak located at a frequency ν α , which is wider than predicted by the Debye theory due to the typical dynamic heterogeneity of supercooled liquids [1, 6, 7] . However, there are also a number of additional, faster dynamic processes, whose microscopic origin is still controversially discussed. Understanding these processes seems to be a prerequisite to achieve a better understanding of the glass transition and the glassy state of matter in general.
a e-mail: s.gupta@fz-juelich. de Consequently, in recent years a lot of experimental work has been devoted to these phenomena. The most prominent of these faster processes are the excess wing [2] [3] [4] [5] [8] [9] [10] , the Johari-Goldstein (JG) β relaxation [3, 5, [11] [12] [13] , and the fast β relaxation [2] [3] [4] [5] 10, [14] [15] [16] [17] [18] [19] [20] . Information on the latter, typically showing up at frequencies between several 100 MHz and 1 THz, was mainly collected by neutron and light scattering [16] [17] [18] [19] [20] and also by DS [2, 3, 10, 13, 21] . In contrast, the excess wing and JG relaxation where almost exclusively investigated by DS and, partly, also by light scattering [2] [3] [4] [5] [8] [9] [10] [11] [12] [13] . In χ spectra, these phenomena are usually found at relatively low frequencies (ν ≤ 108 Hz) only, inaccessible by most neutron scattering experiments. In the spectra, they show up as an excess contribution to the high-frequency flank of the α peak (thus termed "excess wing" [10, 22] ) or as a second relaxation peak. An increase of temperature in principle should lead to a shift of these processes to higher frequencies. However, as the α-relaxation time τ α ≈ 1/(2πν α ) generally has much stronger temperature dependence, these spectral features tend to merge with the α-relaxation peak when the temperature significantly exceeds the glass temperature T g . Therefore, they cannot be detected at the relatively high frequencies covered by most neutron scattering experiments.
Within the framework of the mode-coupling theory, the fast β process is associated with the center-of-mass dynamics in the transient cage formed by the neighboring molecules [14, 15] . Compared to the fast β relaxation, the universal explanation of the microscopic nature of the excess wing and of the slow β process (JG relaxation) still remains a subject of controversial debate. One possible explanation assumes the existence of "islands of mobility", i.e. regions where the molecules have higher mobility [11] . Alternatively, motions within a multiple-well energy landscape taking place on a smaller length scale than the α relaxation are considered to cause the JG relaxation [23, 24] . Also various other approaches for the explanation of excess wing and JG relaxation were proposed, e.g., within the dynamically correlated domain model [25] , the coupling model [26] or within extensions of the mode-coupling theory [27] . It even is unclear if excess wing and slow β relaxation are caused by the same or different processes. While it was demonstrated that the excess wing arises from a secondary relaxation peak, partly submerged under the dominating α peak [28] [29] [30] [31] , it is not so clear if this peak is due to the JG relaxation [28, 29, 32] or another, separate relaxation process [5, 12, 33, 34] .
The dielectric measurements of dipolar molecular glass formers that are usually performed to investigate the excess wing are mainly sensitive to orientational fluctuations. The latter also play a strong role in light-scattering experiments [35, 36] . Thus, detecting the excess wing with neutron scattering, which directly couples to density fluctuations, would be an important piece of information in the search for the microscopic origin of this phenomenon. It is not self-evident that a dynamic process that is detected by one experimental method also shows up by other methods. A prominent example is the famous Debye process in glass-forming monohydroxy alcohols, which is only detected by DS and does not (or only very weakly) show up in spectra obtained by other methods [37, 38] . Moreover, even when a process shows up in spectra collected with different methods, its amplitudes in relation to that of the α process may differ. This indeed is the case for the excess wing and the JG relaxation as investigated by DS and light scattering. Especially, it seems that the slow β process does not or only very weakly show up in lightscattering spectra while the excess wing detected with this experimental probe appears to be stronger than in DS [5, 39, 40] . Further prominent examples for a different coupling of experimental probes to dynamic processes in glass formers are the boson peak and the fast β process. Both were found to have varying amplitudes in neutron scattering, light scattering, and DS (see, e.g., [2] ). Concerning the fast β relaxation, these differences have triggered several interesting theoretical works (e.g., [41, 42] ), which have considerably advanced our understanding of this dynamic process. Overall, the findings discussed in the present paragraph demonstrate that investigations of the dynamic processes of glass formers using different experimental probes can reveal valuable information that helps to achieve a better understanding of glassy dynamics.
In the present work, results from neutron spin echo (NSE) spectroscopy are presented, extending up to relatively long relaxation time scales of the order of 10 ns, which corresponds to a lower frequency limit of about 10 7 Hz. Recently, indications for an excess wing in an aqueous solution of LiCl where found using this method [43] . Applying NSE spectroscopy to glass-forming glycerol and glycerol mixed with LiCl, we look for contributions of the excess wing at low temperatures. Excess wing and relaxation were shown to become more separated when LiCl is added to glycerol, which makes this system well suited to study this process [21, 44] . In addition, the α relaxation is investigated in detail, which is complemented by results from neutron backscattering (BS) experiments, covering a relaxation-time range of the order of 10 −11 -10 −9 s. The quasi-elastic neutron scattering experiments were performed at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL) using the BS spectrometer BASIS [45] and the Spin Echo spectrometer SNS-NSE [46, 47] . The measurement configuration at BA-SIS was the standard one, with 3.4 μeV energy resolution (full-width at half maximum, Q-averaged value) and the dynamic range of ±100 μeV selected for the data analysis. At the NSE experiment an incoming wavelength band from 5 to 8Å −1 was used with 42 time channels for the time-of-flight data acquisition. This allowed to access a dynamic range of 2 ps ≤ t ≤ 10 ns at a given momentum transfer. We measured the dynamics of deuterated glycerol molecules with and without LiCl. Corrections were performed using resolution data from a TiZr sample and background from the empty cell. We used aluminum sample containers sealed with indium wires. The data reduction was performed with the standard ECHODET software package of the SNS-NSE instrument. A short description of the NSE spectroscopy is given in appendix A. For further details the reader is referred to refs. [48] [49] [50] . Figure 1 shows dielectric loss spectra from ref. [21] , measured for the same glass formers as investigated in the present work, namely pure glycerol-H 8 and glycerol-H 8 mixed with 4% LiCl. The data, shown for three selected temperatures, cover a frequency range of 12 decades. For pure glycerol, the spectra are dominated by the α-relaxation peak, whose shift towards lower frequencies with decreasing temperature mirrors the glass transition [2, 3] . Adding LiCl leads to the emergence of a 1/ν contribution at low frequencies, partly superimposing the α peaks. It arises from ionic charge transport as discussed in detail in ref. [51] . In addition, the peak position shifts to lower frequencies, i.e. the relaxation time τ α increases with increasing ion concentration. This was ascribed to interactions between the glycerol molecules and ions, causing a reduced molecular mobility [51] . At low temperatures, in glycerol an excess wing is known to appear [2, 3, 8, 9] . For example, at 213 K in fig. 1 it is seen between about 10 6 and 10 9 Hz for pure glycerol. As shown in refs. [21, 44] , the relative amplitude of the excess wing becomes stronger for increasing salt content as it becomes more separated from the α peak. In the region between about 10 9 and 10
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12 Hz a shallow minimum shows up. It has been interpreted in terms of the fast β process [2, 3, 21] as predicted by the mode-coupling theory [14, 15] . There are also alternative explanations of the minimum, e.g., by a constantloss contribution expected within the extended coupling model [26] . Finally, at around 1 THz, a broad peak shows up, which corresponds to the boson peak [2, 3, 12, 52] . The resonance-like features beyond 10
13 Hz can be ascribed to intramolecular excitations. In fig. 1 , the frequency/time regions that in principle can be accessed by the NSE and BS setups employed in the present work are indicated. Obviously, the range of the NSE experiment extends to sufficiently low frequencies to allow for the detection of the excess wing, at least for the lowest temperature of 213 K.
As a typical example for the incoherent BS data, fig. 2 shows the results obtained for pure glycerol-H 8 , measured at 412 K and for Q = 0.3-1.1Å −1 . All obtained BS results were fitted for each Q value using the following expression [53] :
Here δ(E) is a delta function centered at zero energy transfer, X(Q) represents the fraction of the elastic scattering, B(Q, E) is the linear background term, S(Q, E)
is the dynamic structure factor in frequency space, and R(Q, E) is the resolution function as measured for the sample at low temperature (20 K). The elastic term represents any elastic background arising from the sample holders, sample environment, and the spectrometer background as described by Mamontov et al. [53] . We use the Fourier transformed Kohlrausch-Williams-Watts (KWW) function [54] [55] [56] (also termed stretched-exponential function) in time space to describe the dynamic structure factor in frequency space as [53] :
(2) The exponent β KWW determines the stretching of the exponential function and τ KWW represents the relaxation time. As revealed by fig. 2 , the fitting function (solid line) describes the data for pure glycerol-H 8 quite accurately, which is the case for the results at all Q values. The average relaxation time was obtained using τ = τ KWW /β KWW Γ (1/β KWW ), where Γ denotes the Gamma function [57, 58] . In our analysis we applied no parameter constraints to find τ . The inset of fig. 2 illustrates the Q-dependency of τ in a Q range 0.3-1.3Å −1 . The solid lines are power-law fits exhibiting Q −x dependency. For pure glycerol-H 8 we found x = 2.6 ± 0.4 and the stretching exponent β = 0.6 ± 0.05, whereas following a similar approach for glycerol-H 8 mixed with 4% LiCl x = 2.7±0.4 and β = 0.59 ± 0.05 was obtained. Thus we found close agreement with the results obtained by Wuttke et al. [57] in a Q range 0.7-1.3Å
−1 , where a Q −2.2 dependency for the α-relaxation time with β = 0.58 was reported in case of partially deuterated glycerol-D 3 (C 3 H 5 (OD) 3 ). The extracted values of τ vary between 0.01 and 22 ns. For low temperatures, T < 270 K, τ lies beyond the instrumental resolution and hence τ could not be determined accurately. Owing to their closeness to the coherent structurefactor peak at Q = 1.4Å −1 [59] , the obtained results for τ at Q = 1.3Å −1 are chosen for the comparison with the dielectric and NSE results in the further course of this work.
NSE spectroscopy measures the normalized dynamic structure factor S(Q, t)/S(Q, 0) as a function of Fourier time t at a given momentum transfer Q. compare the relaxation times obtained in the NSE experiment with those of the structural relaxation and the underlying excess wing of the systems as obtained from dielectric spectroscopy. Figure 3 reveals a decay of the dynamic structure factor from an upper to a lower plateau value, which shifts to longer times when the temperature is lowered. This is the typical signature of relaxational behavior in time-domain data. The values of the plateaus found at short times are smaller than 1. This clearly illustrates the presence of initial faster dynamics (< 1 ps) arising, e.g., from the fast β process and microscopic dynamics. At first glance, it seems likely that the structural α-relaxation dominates the detected decay. Indeed, NSE data on pure glycerol, measured at T ≥ 270 K and covering a somewhat smaller time range, could be reasonably interpreted in this way [59] .
To fit time-domain data of the α relaxation, the above-mentioned KWW function [54] [55] [56] , is commonly employed. It is defined by
In case of neutron scattering, Φ corresponds to the normalized dynamic structure factor S(Q, t)/S(Q, 0) and A is the Debye-Waller factor. For β KWW = 1, exponential decay is recovered. For β KWW < 1, the decay of Φ(t) becomes smeared out, which can be ascribed to a distribution of relaxation times [6] . It should be noted that the Fourier transform of the KWW function leads to a qualitatively similar spectral shape as the Cole-Davidson function, which was shown to provide reasonable fits of the α relaxation in dielectric spectra of these glass formers [3, 51] . To enable a comparison of relaxation times obtained from different fit functions, an average relaxation time can be calculated for each relaxation curve. As mentioned above, for the KWW case it is defined by τ = τ KWW /β KWW Γ (1/β KWW ) [57, 58] . For the CD function, it is given by τ = τ CD β CD [2] .
The lines in fig. 3 are fits using the KWW function, eq. (3), with an additional offset parameter. The latter accounts for the fact that the dynamic structure factor does not approach zero at long times (clearly revealed at the highest temperatures shown in fig. 3 ), which can be ascribed to elastic scattering from the background including the sample environment and instrument background. For both glass formers, the long-time limit of S(Q, t)/S(Q, 0) was determined from the data at the highest investigated temperature. This value was also used for the fits of the data at lower temperatures, where the long-time plateau is not well defined. The stretching parameter β was deduced with a similar procedure as described in ref. [59] , leading to β = 0.7 for all concentrations. This agrees with the value found for pure glycerol reported by Wuttke et al. [59] . From the fits, the Debye-Waller factor A in eq. (3) was found to decrease exponentially with temperature as expected for a harmonic solid.
The obtained results for the temperature-dependent average α-relaxation times are shown in fig. 4 , plotted in an Arrhenius representation. Here the closed circles correspond to the results from NSE spectroscopy at T > 213 K and the open circles are literature data from dielectric spectroscopy [44, 51] (the NSE data at 213 K represent a special case and will be treated below). For most temperatures, only a part of the decay curves could be probed with the available experimental setup ( fig. 3) , which leads to uncertainties in τ . In light of this fact, the agreement of dielectric and neutron scattering data in fig. 4 is reasonable. For pure glycerol, it is well known [19, [60] [61] [62] [63] that the α-relaxation times determined by different experimental methods, e.g., dielectric spectroscopy, light, and neutron scattering, are quite similar. Figure 4 also includes the relaxation times from the BS measurements. While they are of comparable order of magnitude, partly there are deviations from τ α deduced by NSE and dielectric spectroscopy. At the highest temperatures this is a consequence of the system dynamics being somewhat too fast for the accessible dynamic range of the BS spectrometer. The opposite effect is evident at the lowest temperature of the experiment, where the BS spectrometer yields somewhat shorter relaxation times compared to the NSE and dielectric results, due to the dynamics slowing down beyond the spectrometer resolution. Moreover, it cannot be excluded here that contributions from processes faster than the α relax- fig. 3 . The values at 213 K (closed triangles) match the excess-wing relaxation times deduced by dielectric spectroscopy. The star in (a) shows τ EW used for the calculation of the double-step function in fig. 5 . The cross represents the primitive relaxation time τ 0 calculated from the coupling model [26] using the corresponding dielectric α-relaxation times.
ation (e.g., the fast β relaxation) lead to a broadening of the observed S(Q, E) peaks, and thus a reduction of the deduced relaxation time. The error bars shown in fig. 4 account for these effects.
As mentioned above, the data at 213 K shown in fig. 3 represent a special case and cannot be interpreted in the same manner as those measured at higher temperatures. This becomes obvious from the fact that the relaxation times deduced from the fits of these data (closed triangles in fig. 4 ) strongly deviate from the dielectric α-relaxation times (open circles). At this temperature, the average α-relaxation times from dielectric spectroscopy are 8×10 −4 s for pure glycerol and 3 × 10 −3 s for 4% LiCl [44, 51] (cf. fig. 4 ). This is several orders of magnitude larger than the maximum times covered by the NSE experiments (10 −8 s). Therefore the decay of the dynamic structure factor observed at 213 K ( fig. 3 ) clearly cannot stem from the α-relaxation (see dashed line in fig. 5 for an illustration of this fact). This also becomes obvious if comparing the α-peak positions at 213 K in fig. 1 with the time range covered by the NSE experiment. Figure 1 also reveals that at 213 K the excess wing is the strongest contribution in the time range of about 10 −9 -10 −8 s, where this decay is observed in fig. 3 . All these findings provide strong and 213 K for pure glycerol as already shown in fig. 3 (a) (circles). The solid line was calculated using the combination of two KWW functions, eq. (4), as described in the text. The dashed line is a single KWW function with the same average relaxation time as deduced from dielectric data [3] .
indications that at 213 K, instead of the α-relaxation, the excess-wing relaxation is detected by the performed neutron scattering experiments. In fig. 4 the crosses represent the primitive relaxation time τ 0 , of the coupling model [26] , calculated using the corresponding dielectric α-relaxation times. Within this theoretical framework, τ 0 should be of similar order as the Johari-Goldstein (JG) β-relaxation time [3, 5, [11] [12] [13] . The obtained τ 0 values of 2.1×10 6 s for pure glycerol and 5.3×10 6 s for 4% LiCl support the notion that a part of the excess wing is the hidden Johari-Goldstein β-relaxation. Notably, for both glass formers the relaxation times from NSE at 253 K tend to be somewhat smaller than the dielectric α-relaxation times. Taking into account the error bars of the NSE data, both data sets still seem to be compatible. However, one may also speculate that already at 253 K the excess wing starts to play some role and leads to a slightly faster decay of the time-dependent dynamic structure factor.
In fig. 4 , in addition to the α-relaxation times, also the characteristic times of the excess-wing relaxation τ EW deduced from dielectric spectroscopy are shown (open triangles) [32, 44] . One should have in mind that these data have a relatively high uncertainty because no peak but only a second power law is seen in the spectra [32, 44] . Nevertheless, for both materials the closed triangles in fig. 4 , showing the relaxation times deduced from the NSE data at 213 K, are of similar magnitude as τ EW from dielectric spectroscopy (open triangles). This nicely corroborates the notion that at 213 K indeed the excess wing was detected by the performed neutron scattering experiments. One should note that, within this scenario, in principle the NSE data at 213 K should be fitted by a two-step relaxation function accounting for excess wing and α relaxation. However, due to the strong separation of relaxation times, a fit with a single KWW function as performed for 213 K can be assumed to provide at least a rough estimate of τ EW .
The application of a two-step relaxation function is illustrated in fig. 5 showing the 213 K data for pure glycerol. The solid line was calculated using the Williams product ansatz combining two KWW functions [43] , namely
Here p is the relative strength factor of the α process (p = 1 leads to a single step arising from the α relaxation only). For τ α , we used 6.2 × 10 −4 s, which corresponds to the same average relaxation time as deduced from dielectric spectroscopy [3] . The width parameter of the α relaxation was set to β α = 0.7, the same value as used for the fits in fig. 3(a) . Again, an additional offset parameter was introduced, which was chosen to be of the same magnitude as for the high-temperature data. The experimental data in fig. 5 only show the onset of the decay of the dynamic structure factor. Therefore, it is clear that, even if fixing some of the parameters as noted above, a meaningful fit of the data with the two-step function of eq. (4) cannot be performed. Especially the factor p cannot be unequivocally determined. Nevertheless, the solid line in fig. 5 , calculated for p = 0.6, at least demonstrates that the experimental data are fully consistent with such a two-step scenario involving an excess wing and α relaxation. Moreover, the dashed line in this plot, calculated for p = 1 and using the α-relaxation time from dielectric spectroscopy [3] , demonstrates that the experimental data are clearly inconsistent with pure α response. Glycerol with 4% LiCl reveals similar behavior: Notably, for this glass former the α relaxation at 213 K takes place at even longer times [44, 51] (cf. fig. 4 ) and the observed decay at 10 −9 -10 −8 s ( fig. 3(b) ) clearly cannot be understood without assuming a contribution from the excess-wing relaxation. Finally, we want to remark that, based on dielectric investigations, it was clearly shown that the excess wing arises from a relaxation process, whose amplitude is too weak to lead to a separate peak in susceptibility spectra. Thus, in time domain two strongly overlapping steps instead of two well separated ones would be expected. However, as discussed in the introduction section, it cannot be expected that the relative amplitudes of excess wing and α relaxation are the same for different experimental probes [5, 39, 40] . In any case, the solid line in fig. 5 can only indicate one possible scenario and both, a stronger overlap or a better separation of the two steps seem possible.
As indicated by the star in fig. 4(a) , the excess-wing relaxation time used for the calculation of the solid line in fig. 5 is in reasonable accord with the results from dielectric spectroscopy. Further comparison with the dielectric data is provided in fig. 6 , showing the dielectric loss spectra for pure glycerol at three temperatures, including fig. 3(a) .
213 K [3] . The dashed lines represent the Fourier transforms of the two KWW functions used for the calculation of the two-step decay shown in fig. 5 , both leading to welldefined loss peaks. To compare them with the dielectric data, they were vertically shifted by applying a proper scaling factor. This is justified because the NSE data are normalized to unity and because the relative amplitude p cannot be unequivocally deduced from the experimental data, as mentioned above. Moreover, the relative amplitudes of α process and excess wing can vary for different experimental probes [5, 39, 40] . The solid line in fig. 6 shows the sum of the two peaks indicated by the dashed lines. Obviously, the two KWW functions that were proposed to explain the decay of the dynamic structure factor at 213 K in time domain ( fig. 5 ) are well consistent with the dielectric data measured in the frequency domain. The deviations observed at frequencies beyond about 10 8 Hz arise from the fast β process [2, 3, 20] or from a constant-loss contribution [26] , which are out of the scope of the present work. One should bear in mind that here, for practical reasons, a KWW function was used to describe the excesswing relaxation, leading to an asymmetric loss peak. In contrast, usually the symmetric Cole-Cole function is used for fitting secondary relaxations [12, 13, 29] but its Fourier transform does not lead to an analytical expression in time domain. However, this does not represent a major problem because the low-frequency wing of the excess-wing relaxation is superimposed by the much stronger α peak (see fig. 6 ) and only its high-frequency wing significantly contributes to the overall curve. As an example for the behavior at higher temperatures, the dash-dotted lines in fig. 6 show the Fourier transforms of the KWW functions that were used to fit the neutron scattering data at 273 and 323 K ( fig. 3(a) ), which are completely dominated by the α relaxation. The obtained peaks are consistent with the dielectric spectra, especially if considering the large uncertainty in the determination of the relaxation times as mentioned above.
Summary and conclusions
In the present work, results from NSE spectroscopy on pure glycerol and glycerol mixed with LiCl, complemented by BS measurements, are provided. The NSE experiments enabled the investigation of the relaxational dynamics up to relatively long time scales of the order of 10 ns. In addition to the detailed study of the α relaxation, this allowed to search for indications of the excess wing, which plays a prominent role in the investigation of glassy dynamics by dielectric spectroscopy and light scattering. Indeed, at low temperatures we found clear indications for a decay of the dynamic structure factor that cannot be explained by the structural α relaxation. Instead, the experimental findings strongly point to contributions from a faster process. By comparison with broadband dielectric data on the same sample materials, we identify this fast process with the relaxation causing the excess wing. Thus, the excesswing relaxation, mainly known from dielectric investigations of the reorientational dynamics in dipolar molecular glass formers, also is detected by coherent neutron scattering, directly coupling to density-density fluctuations. Thus, molecular reorientations as seen by dielectric spectroscopy, and partly also by light scattering [35, 36] , cannot be the only reason for this phenomenon. In contrast, the results of the present work show that this mysterious dynamic process is also related to translational motions, a finding which is crucial to achieve a better understanding of the different dynamic time scales in glass formers. As the excess wing and secondary relaxation process are universal features of glassy matter, this finding related to their microscopic origin also is of relevance to enhance our understanding of the peculiarities of the glass transition in general. Generally, the comparison of the different signatures of dynamic processes of glass-forming matter detected by different experimental probes has proven a very fruitful approach (see, e.g., [2, 5, 37, [39] [40] [41] [42] ). In the present work, for the first time we have demonstrated the detectability of the excess wing by neutron scattering. While further experimental advances allowing investigations of this phenomenon at even longer time scales are desirable, we hope that our findings will open a new field of research on the excess wing and secondary relaxation processes using this important experimental probe of glassy dynamics. 
